Enzymes possessing catalytic zinc centers perform a variety of fundamental processes in nature, including methyl transfer to thiols. Cobalamin-independent (MetE) and cobalamin-dependent (MetH) methionine synthases are two such enzyme families. Although they perform the same net reaction, transfer of a methyl group from methyltetrahydrofolate to homocysteine (Hcy) to form methionine, they display markedly different catalytic strategies, modular organization, and active site zinc centers. Here we report crystal structures of zinc-replete MetE and MetH, both in the presence and absence of Hcy. Structural investigation of the catalytic zinc sites of these two methyltransferases reveals an unexpected inversion of zinc geometry upon binding of Hcy and displacement of an endogenous ligand in both enzymes. In both cases a significant movement of the zinc relative to the protein scaffold accompanies inversion. These structures provide new information on the activation of thiols by zinc-containing enzymes and have led us to propose a paradigm for the mechanism of action of the catalytic zinc sites in these and related methyltransferases. Specifically, zinc is mobile in the active sites of MetE and MetH, and its dynamic nature helps facilitate the active site conformational changes necessary for thiol activation and methyl transfer.
Enzymes possessing catalytic zinc centers perform a variety of fundamental processes in nature, including methyl transfer to thiols. Cobalamin-independent (MetE) and cobalamin-dependent (MetH) methionine synthases are two such enzyme families. Although they perform the same net reaction, transfer of a methyl group from methyltetrahydrofolate to homocysteine (Hcy) to form methionine, they display markedly different catalytic strategies, modular organization, and active site zinc centers. Here we report crystal structures of zinc-replete MetE and MetH, both in the presence and absence of Hcy. Structural investigation of the catalytic zinc sites of these two methyltransferases reveals an unexpected inversion of zinc geometry upon binding of Hcy and displacement of an endogenous ligand in both enzymes. In both cases a significant movement of the zinc relative to the protein scaffold accompanies inversion. These structures provide new information on the activation of thiols by zinc-containing enzymes and have led us to propose a paradigm for the mechanism of action of the catalytic zinc sites in these and related methyltransferases. Specifically, zinc is mobile in the active sites of MetE and MetH, and its dynamic nature helps facilitate the active site conformational changes necessary for thiol activation and methyl transfer.
cobalamin-dependent methionine synthase ͉ cobalamin-independent methionine synthase ͉ methyl transferases ͉ zinc enzymes ͉ zinc inversion Z inc is a biologically essential metal, vital for the stability of a large number of proteins and for catalysis of many enzymatic reactions (1) (2) (3) (4) (5) . In enzymes, zinc is found in the ϩ2 oxidation state, Zn(II), which exhibits a d 10 electron configuration that confers advantageous properties for protein chemistry. These include zinc's lack of redox activity, ability to bind an assortment of ligands because of borderline hardness, and adoption of a variety of coordination numbers ranging from 3 to 8 (6) , because a metal with a filled d shell is not subject to geometry-dependent ligand field stabilization energy. Biological zinc sites are usually four-coordinate with distorted tetrahedral geometry, although five-and six-coordinate sites have also been observed. Common protein ligands for zinc centers are His, Glu, Asp, and Cys.
In the majority of catalytic zinc sites, the fourth ligand is a water or hydroxide molecule and gives rise to the common structural and functional motif of [(X) 3 Zn 2ϩ (OH) n ]. For most catalytic zinc sites, the mechanism of action is based on the Zn-(OH) n functionality; the zinc-bound water is activated for ionization, polarization, or displacement depending on the identity and arrangement of protein ligands. In addition to activation of water, zinc also has been shown to play a role in activating thiols for nucleophilic attack in enzymes such as Ada (7-9), farnesyltransferase (FTase) (10, 11) , geranylgeranyltransferase (12) , methanol:coenzyme M methyltransferases (13, 14) , cobalamindependent methionine synthase (MetH) (15, 16) , cobalaminindependent methionine synthase (MetE) (17) , betainehomocysteine (Hcy) methyltransferase (18) , and nisin cyclase (19, 20) . In all of these enzymes, it is thought that direct coordination of the thiol substrate to zinc perturbs its pK a sufficiently to form an activated thiolate species.
MetE and MetH catalyze the same reaction, the transfer of a methyl group from methyltetrahydrofolate (CH 3 -H 4 folate) to Hcy to form methionine, but use two very different catalytic strategies. Whereas MetE catalyzes the direct transfer of the N5-methyl group of CH 3 -H 4 folate to Hcy, MetH utilizes a cobalamin cofactor as an intermediate methyl carrier. The domain organization of both enzymes is uniquely suited to their catalytic strategy: MetE is a simpler enzyme, with binding determinants for both substrates located at the interface of two domains, whereas MetH has a specialized modular architecture consisting of four domains, each with a separate and specific role in catalysis (21) . Both enzymes contain a catalytic zinc that coordinates the sulfur of Hcy (15) .
Crystal structures of MetEs from Thermotoga maritima (22) and Arabidopsis thaliana (23) and the N-terminal (1-566) fragment of MetH from T. maritima reveal details about the Hcy-binding sites (24) . In each enzyme, the zinc site is situated near the top of a (␤␣) 8 barrel and is assembled by residues perched at the C termini of inner barrel strands; however, the nature and position of the zinc ligands differs in MetE and MetH, which show no apparent sequence homology. MetE is a member of a larger family of enzymes that display a signature His-X-Cys-X n -Cys zinc-binding motif, including the coenzyme M (CoM) methyltransferases, methanol:CoM methyltransferase, and epoxyalkane:CoM transferase (25, 26) . In contrast, the N-terminal MetH Hcy-binding domain has a zinc center coordinated by three cysteines located in a conserved Asn-Cys-X n -Gly-Cys-Cys-Gly motif. This domain shares significant sequence and structural homology with betaine-Hcy methyltransferases.
Extended x-ray absorption fine structure (EXAFS) spectroscopy had initially established that the addition of Hcy changes the coordination environment of the zinc in E. coli MetH from 3S ϩ 1(N/O) to 4S and from 2S ϩ 2(N/O) to 3S ϩ 1(N/O) in E. coli MetE, indicating that binding of Hcy to each enzyme occurs by exchange of a resting-state N/O ligand for the sulfur of Hcy, with retention of a tetrahedral zinc environment (27) . The crystal structure of the N-terminal fragment of MetH (1-566) from T. maritima revealed the expected ligation of the divalent metal ion by Cys-207, Cys-272, and Cys-273 and direct coordination of Hcy sulfur in the binary complex. However, the active site zinc was displaced by cadmium during crystallization, thereby complicating analysis of the metal-site geometry. Importantly, the identity of the exchangeable fourth resting-state zinc ligand (O/N) could not be clearly assigned.
The initial crystal structure of T. maritima MetE revealed tetrahedral coordination of zinc in the resting state by His-618, Cys-620, Glu-642, and Cys-704 and implicated Glu-642 as the previously unidentified second low-Z ligand observed by EX-AFS. Sequence alignments showed a conserved carboxylate at the Glu-642 position in MetE homologs, suggesting that these enzymes also ligate zinc with four protein ligands in the resting state. However, weak coordination of Hcy, characterized by an unusually long Zn-S(Hcy) distance of Ϸ3.2 Å, was observed in the binary complex with MetE. This complex exhibited distorted trigonal-bipyramidal geometry, with zinc positioned approximately halfway between Glu-642 and Hcy. Because these crystals were obtained under acidic conditions (pH 5.2), we interpreted this structure as a possible transition-state mimic where the Hcy remained protonated, and therefore we anticipated further ligand rearrangement for Hcy to ligate the zinc tightly. We also hypothesized that tight coordination and tetrahedral geometry in the Hcy binary complex could be achieved by further movement of zinc toward substrate, resulting in inversion of geometry about zinc.
In this work, we determined the crystal structures of substratefree and Hcy-bound T. maritima MetE at pH 8.5. Additionally, the crystal structures of a zinc-replete T. maritima N-terminal MetH fragment, in the absence and presence of Hcy, are reported. We provide structural evidence for an unusually large zinc displacement in the catalytic cycles of both MetE and MetH, resulting in inversion of metal geometry as Hcy binds and displaces an endogenous ligand from the protein. Our current results provide insight into the role of zinc in MetE, MetH, and homologous zinc-thiol alkyltransferases, bridge the extensive spectroscopic data with the available crystal structures, and provide an unprecedented, to our knowledge, paradigm of metalloenzyme active site behavior.
Results

Structures of MetE.
The structure of T. maritima MetE with bound Hcy was determined at pH 8.5 to 2.0-Å resolution. Hcy was tightly coordinated to zinc, which displayed tetrahedral geometry with average metal-ligand distances of 2.08 Å to His-618, 2.34 Å to Cys-620 and Cys-704, and 2.31 Å to Hcy ( Fig. 1 C and D) . These values compared favorably with the distances obtained by EXAFS from the Hcy complex of E. coli MetE at pH 7.2 (27) . A resting-state structure was also determined at pH 8.5 to 2.1-Å resolution and displayed tetrahedral zinc geometry ( Fig. 1 A and  B) , with bond lengths and angles in agreement with our previously described zinc resting-state structure, as well as with the EXAFS distances determined for substrate-free E. coli MetE.
Superposition of the substrate-free and Hcy-bound crystal structures of MetE revealed that the catalytic zinc fully inverted, moving Ϸ1.9 Å (Fig. 2A) . The inversion of zinc geometry observed in MetE was enabled by conformational changes in the ␤5-␣5 (L5) loop that carries Tyr-621 and the zinc ligand Cys-620. In the resting form of MetE, the hydroxyl of Tyr-621 formed hydrogen bonds with the backbone amide and carbonyl of Arg-582 and Pro-579, respectively. Pro-579, part of a conserved QIDEPA sequence (22) , resides between strand ␤4 and the ␣4A extension. Interaction of the invariant Tyr-621 with Pro-579 in the Hcy-free state maintained separation between L5 and ␣4A.
When Hcy was bound and zinc adopted inverted tetrahedral geometry, Tyr-621 rotated into a hydrophobic pocket, where it contacted the side chains of Phe-581, Met-619, Phe-624, Ile-631, and Ile-627. Pro-579 moved into van der Waals contact with the sulfur of Hcy, providing a second hydrophobic interaction in addition to Met-468. The conformational change of L5 is apparently required for full zinc inversion to take place. Therefore the position of Tyr-621 can also be used as an independent check of the location of zinc.
Structures of MetH.
Structures of the zinc-replete T. maritima N-terminal MetH (1-566) fragment were determined at 1.85-Å resolution, under conditions of physiological (7.0) and acidic pH (4.8, 5.2). The three structures were identical and revealed that zinc in its substrate-free resting state, denoted ''Zn R '', displays approximately tetrahedral geometry. Only the structure at pH 7.0 is reported here. Zinc was coordinated by Cys-207, Cys-272, and Cys-273, with an average Zn-S distance of 2.28 Å (Fig. 3 A  and B) . This bond length was in close agreement with reported EXAFS values for E. coli MetH (27) and expectations for zinc rather than the elongated 2.53-Å average distance observed in the Cd-substituted structures. The coordination of zinc was completed by a fourth ligand, Asn-234, with a Zn-O distance of 2.12 Å. Asn-234 is part of an absolutely conserved signature MetH sequence, PN 234 AG. Asn-234 has been identified as a potential fourth ligand in the previously reported N-terminal MetH structure because of its proximity to the metal center (24) , although the presence of cadmium instead of zinc in the active site and the long distance between the O of Asn-234 and this Cd center precluded any firm conclusions in the earlier study. In the structure with bound Hcy determined at 1.7-Å resolution at pH 7.0, zinc (Zn H ) was distorted tetrahedral and bound tightly to Hcy, with average metal-ligand distances of 2.32 Å and with distances of 2.35 Å to Cys-207, Cys-272, and Cys-273. The apparent increase in the Zn-S(Cys) distances upon binding of Hcy to MetH was more pronounced than in MetE and was consistent with previously reported EXAFS studies (15) . Moreover, the invariant Thr-147 donated a hydrogen bond to the Hcy-␦-S. In the absence of Hcy, Thr-147 was hydrogen-bonded to a water molecule that occupied a position nearly equivalent to that of the Hcy-␦-S.
As in MetE, superposition of the MetH resting-state and Hcy-bound structures revealed that the catalytic zinc moves by Ϸ2.0 Å (Fig. 2B) . In MetH, zinc inversion was accompanied by a set of conformational changes centered on the ␤8-␣8 loop that carries Cys-272 and Cys-273. Binding of Hcy recruited helix ␣B, which appeared to unwind slightly in response to newly formed hydrogen bonds between the carboxyl moiety of Hcy and the backbone amides of residues Tyr-22 and Gly-23. This change brought Thr-24 (the C␣ of Thr-24 was displaced by 1.8 Å) into hydrogen-bonding contact with the backbone amide of Gly-274, favoring a movement of the ␤8-␣8 loop. The loop moved slightly toward Hcy and only partially accounted for the 2.0-Å displacement of zinc, as evidenced by small C␣-C␣ displacements of Cys-272, Cys-273, and Gly-274, which were 0.4, 0.5, and 0.6 Å, respectively. Dihedral angle adjustments of the Cys-272 and Cys-273 side chains were also necessary to permit the zinc movement.
Discussion
Although MetE and MetH exhibit marked differences in their catalytic mechanisms, they also show striking similarities at the zinc site that appear to be dictated by the chemistry of Hcy activation. A comparison of the MetE and MetH resting states demonstrated that their active site cores, [Cys 2 HisGluZn] and [Cys 3 AsnZn], respectively, have the same net charge, a fact that had not been appreciated previously. Binding of Hcy was also similar, proceeding through inversion of zinc geometry and displacement of a fourth endogenous ligand: Glu-642 in MetE and Asn-234 in MetH. The identification of Asn-234 as a zinc ligand in MetH is surprising. Neutral amino acids, such as asparagine and glutamine, are uncommon zinc ligands. They are never found in structural zinc sites, although sometimes they are present in cocatalytic sites (28) (29) (30) . There is only one known example of a catalytic zinc site with a glutamine ligand: phosphomannose isomerase (31) . It is worth noting that water is not a zinc ligand in either MetE or MetH.
An important distinction between the two enzymes is the net charge of the metal site in the binary complex with Hcy, Ϫ2 for MetH and Ϫ1 for MetE. However, the Cys 2 HisZnHcy site of MetE is not necessarily less efficient for activating Hcy than the Cys 3 ZnHcy site in MetH, because of the aromatic character of histidine, which has finely tunable electron-donating capabilities. Theoretical calculations predict that zinc-bound histidine has more anionic than neutral character, especially in the presence of negatively charged, electron-donating second shell ligands (32) (33) (34) . Intriguingly, MetE may have a slightly more negative net charge on the zinc in the transition state if the geometry were more trigonal-bipyramidal than tetrahedral and glutamate were recruited back into the first shell. Relevant structures of the ternary complexes of both enzymes will be needed to fully understand the distribution of charge on the zinc during catalysis, but these will be challenging to obtain because the ternary complexes are not long-lived in either enzyme (35) .
Role of Zinc Inversion. Inversion of zinc geometry in both enzymes appears to permit ligation of Hcy by zinc at the face opposite the fourth exchangeable ligand: Glu-642 in MetE and Asn-234 in MetH. One potential role of zinc inversion is to facilitate product release. In both enzymes, the fourth protein ligand could assist product release, coordinating to the zinc and displacing the product after methylation converts the strong Hcy ligand to a weaker methionine ligand.
Moreover, the fourth protein ligand may increase the nucleophilicity of the zinc-thiolate, facilitating methyl transfer, as has been proposed for other zinc enzymes, including FTase (36) . The possible mechanism of action for the fourth protein ligand in these enzymes is reminiscent of the valence buffer model proposed for cytidine deaminase (37) , shown in Fig. 4A . In cytidine deaminase, the elongation of a Zn-S (Cys) bond results in the polarization of a water ligand coordinated to zinc, thus facilitating its deprotonation. The resting-state Zn center in FTase is coordinated in a bidentate fashion to Asp-297b, as well as to His-362b and Cys-299b (11) . On binding the substrate peptide, thiol coordination to this center, one of the aspartate oxygens, is displaced. The transition from bidentate to monodentate carboxylate ligand may proceed through a trigonalbipyramidal state, such as is depicted in Fig. 4B and similar to the one proposed for MetH and MetE depicted in Fig. 4C . In the trigonal-bipyramidal transition states proposed for MetE, MetH, and FTase, the elongation of the Zn-S bond may shift electron density from the zinc to the thiolate sulfur, thus increasing its nucleophilicity and its ability to abstract the methyl group from its corresponding donor. By extension, the role for zinc inversion, discussed in more detail below, may be to permit a similar dynamic interchange between coordinated Hcy and the dissociated thiolate in the enzyme-Hcy binary complex, thus increasing the reactivity of the Hcy thiolate.
Models for Zinc Inversion. How does the zinc in its resting state sense the binding of Hcy from Ϸ4.5 Å away? How does the information propagate to the zinc atom to cause inversion and ligation of Hcy? We can suggest two models to account for inversion: induced fit and dynamic equilibrium.
In an induced fit model, binding of Hcy leads to conformational changes that facilitate zinc displacement. The conformational changes evidenced by our structures are different in MetE and MetH and cannot be directly compared. It is likely that the specific changes induced in each enzyme are a prelude to the formation of the ternary complex, which must have very different and specific structural requirements. Nonetheless, an example of how an induced-fit model may be applied to MetH can be found in the displacement of helix ␣B, which could act as a spring. Upon binding, the carboxyl moiety of Hcy stretches helix ␣B and results in the movement of Thr-24, creating a new set of interactions with the ␤8-␣8 loop that facilitates displacement of zinc in the direction of substrate (Fig. 5) . A direct route of transmission of Hcy-induced conformational changes in MetE is harder to describe. However, the van der Waals contact made by Hcy sulfur with Pro-579 could be sufficiently stabilizing to trigger the conformational changes in L5 and Tyr-621 required for zinc inversion.
In an alternative ''dynamic zinc'' model, we propose that zinc oscillates between the two tetrahedral geometries of the Zn(R) and Zn(H) states through a trigonal-bipyramidal intermediate even in the absence of Hcy. Three distinct thermodynamic states, C and D) . The blue contours (at 1) and red contours (at 6) represent electron density from a weighted 2Fobs -F calc map computed after simulated annealing and refinement of the final model. The green contours (at 3) represent electron density from a Fobs -Fcalc composite-omit map from which the water in the active site has been omitted (B) or from which the Hcy ligand has been omitted (D). The atom color coding as in Fig. 1.   Fig. 4 . Role of the dissociable protein ligand to zinc in the catalytic mechanisms of the enzymes cytidine deaminase, farnesyltransferase, and the methionine synthases MetE and MetH. (A) In cytidine deaminase, water is proposed to be activated for attack on C4 of cytidine by lengthening of the bond between Cys-132 and zinc, concomitant with ionization of the water ligand to form hydroxide (37) . (B) In farnesyltransferase, the resting enzyme is initially coordinated to His-362b, Cys-299b, and both oxygens of Asp-297b (11) . Binding of the peptide substrate is thought to result in formation of a trigonalbipyramidal transition state because the bidentate coordination of Asp-297 weakens to approach monodentate coordination, referred to as the carboxylate shift mechanism (38, 49) . Proton release is associated with peptide binding (10) . (C) In MetE and MetH, the nucleophilicity of the coordinated Hcy is proposed to be enhanced by formation of a trigonal-bipyramidal transition state in which the Hcy is partially dissociated and the dissociable protein ligand (Glu-642 in MetE, Asn-234 in MetH) is partially bonded. represented by three different zinc coordination environments, can be populated by zinc to different degrees: (i) tetrahedral with Asn/Glu bound to zinc, Zn(R); (ii) inverted tetrahedral in which zinc is bound to Hcy, or water (the water bound to Thr-147 in MetH) in the absence of substrate, Zn(H); and (iii) an intermediate trigonal-bipyramidal coordination in which the three permanent endogenous ligands form the equatorial plane and the two axial ligands are provided by Hcy/water and Asn/Glu, Zn(I). The d 10 electron configuration of zinc could allow it to cycle among these geometries without any energetic penalty (no ligand field stabilization energy). These three states, in the absence of substrate, are in equilibrium and populated unevenly (Fig. 6 ). The addition of Hcy modulates the energy levels of the three states, allowing a redistribution of the conformers that favors zinc inversion. The dynamic nature of the catalytic zinc coupled with substrate-induced conformational changes allows for a much more elastic active site than previously envisioned and is proposed to result in enhanced nucleophilic activation of the zinc-bound Hcy thiolate in the transition state. A similar model for FTase was recently proposed (38) .
Metal active sites are usually viewed as relatively static, whereas the conformationally flexible enzyme scaffold is considered dynamic. A new concept has emerged recently in which enzymes are endowed with inherent intrinsic motions, even in the absence of substrates, that are essential for catalysis (39) (40) (41) (42) . In this paper, we offer a particularly striking example of elasticity and motion in a metal active site, further extending the concept of the importance of dynamics in catalysis.
Methods
Purification and Crystallizations of MetE. Histidine-tagged T. maritima MetE (TM1286-HIS) was cloned and expressed as reported previously (22) . Metal affinity-isolated TM1286-HIS was further purified on a monoQ HR16/60 column (GE Healthcare) by elution with a 0 -1.5 M KCl gradient.
Crystals were obtained by mixing 2 l of 20 mg/ml protein preincubated with 20 mM L-Hcy with 2 l of solution containing 19.5% PEG 3350, 200 mM magnesium acetate, 2.5% ethylene glycol, and 100 mM Tris⅐HCl, pH 8.5 . No crystal growth is observed in the absence of added L-Hcy. Crystals were cryoprotected by soaking in a solution of 15% PEG 3350, 125 mM magnesium acetate, 12% ethylene glycol, and 65 mM Tris⅐HCl, pH 8.5. Substrate-free (resting-state) crystals were obtained by prolonged soaking in cryosolution lacking substrate.
Purification and Crystallizations of MetH. N-terminal (1-566) T. maritima MetH was cloned and expressed as reported previously (24) . Crystals were obtained by using a modification of the previously reported protocol. To obtain zincreplete crystals CdCl2 was replaced with YCl3. Yttrium does not displace zinc from the active site, but like cadmium, still participates in crystal contacts. Crystals were grown by using the hanging drop vapor diffusion method at 4°C by mixing 2 l of 20 mg/ml protein in 50 mM Tris⅐HCl, pH 8.0, and 1 mM tris(2-carboxyethyl) phosphine with 2 l of a solution containing 25% 1,2-propanediol, 10% glycerol, 5% PEG 3000, 100 mM potassium citrate, pH 4.8, 0.5 l of 15% 1,2,3-heptanetriol, and 0.5 l of 100 mM YCl3 (final pH, 5.2). L-Hcy cocrystals were obtained by soaking crystals grown in the absence of substrate in a solution containing 20% 1,2-propanediol, 10% glycerol, 5% PEG 3000, 100 mM potassium citrate, pH 5.2, 1.5% 1,2,3-heptanetriol, and 10 mM L-Hcy. Crystals of MetH (with and without Hcy) were obtained by soaking preformed crystals in solutions adjusted to pH 4.8, 5.2, and 7.0.
Structure Determination and Refinement. Diffraction data were collected at the General Medicine and Cancer Institutes Collaborative Access Team (Advanced Photon Source, Argonne National Laboratory) on a Mar300 detector processed with XDS (43) and HKL2000 (44) . Phases were obtained by molecular replacement with the program EPMR (45) . MetE structures were refined with CNS (46) and PHENIX (47) , and both MetH structures were refined with CNS and REFMAC5 (46, 48) . In later rounds of refinement, very weak restraints (as minimal as possible) for both the resting and the Hcy-bound state were applied. These restraints were based on ideal tetrahedral geometry with the bond lengths based on appropriate distances for zinc in the ϩ2 oxidation state. Crystallographic information and refinement statistics are provided in supporting information (SI) Table 1 . Also provided are SI Movies 1-3 illustrating the zinc inversion for both MetH and MetE. The quality of the models was assessed with PROCHECK. PyMOL was used to generate Figs. 1-3 and 5. 
